Introduction
Marine turtle nesting beaches in Florida have been substantially altered by urbanization and development. Raccoons Procyon lotor are abundant native animals that affect marine turtle conservation at most Florida beaches through nest depredation (Stancyk, 1982; Williams-Walls et al., 1983) . Raccoons flourish in association with humans, receiving artificial support through refuse or direct feeding (Dickman & Doncaster, 1987; Riley et al., 1998; . Florida also has one of the two most severe invasive species problems in the United States (US Congress, 1993) . Armadillos Dasypus novemcinctus are invasive to Florida (Schmitz & Brown, 1994) and are predators on marine turtle nests, often causing severe damage (Drennen et al., 1989; Bain et al., 1997) . Besides direct predation, raccoons and armadillos also expose nests to the elements, and to predation by crabs, birds and other mammals. Predation threatens many rare species (Hecht & Nickerson, 1999) , with the deleterious impacts of predation losses compounded by habitat loss (Reynolds & Tapper, 1996) . Both problems apply to marine turtle nesting in Florida, making human intervention necessary to ensure turtle reproduction. Reduction of nest predator populations has been widely recommended (Bain et al., 1997; Mroziak et al., 2000) , and widely-practised, to protect marine turtle nests (Stancyk, 1982; USFWS/NMFS, 1991; USFWS, 2000; Engeman et al., 2003) .
Two adjacent properties on Jupiter Island along Florida's east coast, Hobe Sound National Wildlife Refuge and Saint Lucie Inlet Preserve State Park, provide undeveloped and protected beach habitat for nesting by loggerhead Caretta caretta, leatherback Dermochelys coriacea and green Chelonia mydas turtles, each of which is federally listed as threatened (loggerhead) or endangered (leatherback and green) by the US Fish and Wildlife Service (USFWS, 1994) and categorized on the IUCN Red list as Endangered (loggerhead and green) or Critically Endangered (leatherback; IUCN, 2004) . Prior to managing predators, up to 95% of turtle nests were depredated each year (Bain et al., 1997) . Consequently, predator removal was identified as the most important management programme (Bain et al., 1997; USFWS, 2000) . During the 2000 nesting season an experimental passive tracking index was implemented at the Refuge to monitor turtle nest predators prior to, and in conjunction with, turtle nesting and predator removal. A sharp decline in nest predation to 27.7% resulted from integrating predator monitoring with predator removal (Engeman et al., 2003) .
In 2002 we conducted research to enhance those results by improving the monitoring methodology for armadillos while maintaining high sensitivity for raccoons. We were also interested to find out if previously observed patterns of predator behaviour towards nesting turtles were consistent from year to year (Engeman et al., 2003) . Understanding spatial and temporal patterns of predator movement onto the beach in response to turtle nesting facilitates the implementation of removal strategies during nesting, and the development of efficient strategies to manage depredating species before damage begins.
Study area
The beach is located on the northern portion of Jupiter Island (27d12pN, 80d6pW), a narrow, 27 km-long barrier island. The Hobe Sound National Wildlife Refuge occupies 298 ha and protects a 5.3 km segment of the beach (USFWS, 1996) , which varies in slope and width, but has a well-defined dune line. The Saint Lucie Inlet Preserve State Park protects the 4.3 km of beach extending north from the Refuge to the St. Lucie Inlet between Jupiter and Hutchinson Islands, and comprises the northern 416 ha of Jupiter Island, a wider portion of the island with 40% more terrestrial habitat than the Refuge. However, the beach along the Park narrows substantially as it approaches St. Lucie Inlet, providing less turtle nesting habitat and having lower nest densities than the Refuge portion. The adjoining Refuge and Park beach is open to the public during daylight hours, but accessible only by boat, or by foot from the southern boundary of the Refuge. Because beach width could influence nest predator search efforts, we measured the distance from the dune line to the water's edge at a series of predator monitoring locations (described below). Although variable with the tides, this measurement provides a comparative beach-width index between the two properties.
Methods

Predator monitoring
Passive tracking index methodology, valuable for monitoring raccoons since 2000, was the standard for comparison in evaluating a potential design improvement (Engeman et al., 2003) . Those tracking plots were placed along the base of the dune vegetation above the high tide line, because this was identified as a travel route for many mammals along the beach (Engeman et al., 2003) . Plots were 2 * 3 m, discreetly marked by wooden stakes in 2 corners to avoid detection by animals or interference by humans, and smoothed to produce a good tracking base. Unlike other mammalian wildlife along the beach, armadillos do not adhere strongly to the dune line as a travel route. Their tracks often wander in a nonlinear fashion anywhere from the dunes to the water's edge. Therefore, another tracking index was based on plots formed as 2-m wide strip transects from the dune line to the water's edge. To compare methods, the strips were placed at the same locations along the beach as the dune line plots, with the dune line plots forming the first 3 m of the strips.
Beginning at a random starting point within 160 m of the Refuge's southern boundary, plots/strips were randomly placed 160-170 m apart. The Refuge beach segment had 32 plot/strip locations and the Park had 25, all recorded using a Global Positioning System. The same tracking plots/strips were observed at each assessment period to maximize index comparability across time (Engeman et al., 2003; Ryan & Heywood, 2003) .
The number of track sets (number of intrusions in each plot/strip) by raccoons and armadillos was recorded. The number of intrusions provides superior sensitivity over presence/absence measures (Allen et al., 1996; Engeman et al., 2000) . To compare sensitivities for detecting animals on the beach, we recorded data separately for the original dune line plot design and for the additional distance of the strip transects extending beyond those plots to the water's edge (strip extensions). Because the strip transect for indexing purposes includes the dune line plots, the sum of the data from the dune line plot and the strip extension comprises the total information for a strip transect.
The beach substrate made an excellent tracking surface for identifying species and distinguishing the number of intrusions. After 24 hours the plots/strips were examined for spoor and resurfaced (tracks erased and surface smoothed) for the second of two consecutive days of observations. Fair weather conditions prevailed during each of the assessments.
Index calculations
The index calculation methods as described by Engeman et al. (2003) are applicable to the data from both the dune line plots and the complete strip transects. The index values from the two tracking surfaces are not directly comparable other than for time trends, because of the differences in tracking surface area. To summarize the calculation procedures, the number of sets of tracks found on the i th plot (or strip) on the j th day, x ij , is represented as a linear model x ij = m + P i + D j + e ij , where the term m is the overall mean number of sets of tracks per plot (or strip) per day for the area being assessed. D j is a random effect because of the day on which an observation was made, with j = 1 or 2 in our case. P i is a random effect because of the i th plot (or strip) with I = 1,2,3 . . . p j representing the number of plots (or strips) contributing data on the j th day (the number of plots/strips contributing data for the calculations can differ between days if one or more plots are obliterated by humans or the elements). The e ij represent random error associated with each plot/strip each day.
The calculation formula for a passive tracking index (PTI) was defined as (Engeman et al., 2003) : where the s p 2 , s d 2 , and s e 2 are, respectively, the variance components (Searle et al., 1992) for plot-to-plot (stripto-strip) variability, daily variability and random observational variability, respectively, associated with each plot/strip each day. These variance components were calculated using SAS PROC VARCOMP, with a restricted maximum likelihood estimation procedure (SAS Institute, 1996) .
Assessment timing
We carried out predator indexing in late March (earliest nesting), early May (rapid increase in nesting, some predation), mid-May (heavy nesting, increasing raccoon predation expected), early June (heavy nesting, high predation), late June (heavy nesting, large accumulation of nests, high predation), mid-July (heavy nesting, large accumulation of nests, increasing armadillo predation), and late July (nesting slowing, large accumulation of nests, heavy predation). We also calculated indices for subsets of four plots at the north and south extremities of each property to examine time trends for predator invasion patterns along the beach.
Predator removal methods
A comprehensive Environmental Assessment identified lethal predator removal as the only practical and legal approach for reducing nest predation (USFWS, 2000) . Raccoons and armadillos are primarily nocturnal, and removal efforts were conducted at night (during property closures), which also minimized the potential for human interference. Raccoons were captured in live traps and euthanized. Approximately half of the raccoons and all armadillos were removed from the beach using a .22 cal rifle equipped with a noise suppressor and night vision equipment to maximize hunting success while minimizing disturbance. The timing and location of removal efforts were determined by predator monitoring and observed predation.
Monitoring turtle nesting activity
All marine turtle nests were counted the morning after deposition. All green and leatherback turtle nests were marked for monitoring reproductive success. Nearly 90% of nests are by loggerhead turtles, logistically allowing every eighth loggerhead turtle nest to be marked for monitoring at the Refuge, and every third nest in the lower nest density at the Park. A 120 cm-long stake placed on the north-south axis 60 cm from the clutch, and two 60 cm-long stakes placed 60 cm east and west of the clutch were labeled with observation date, location and turtle species, and joined by surveyor's tape. Marked nests were monitored daily for depredation, hatchling emergence, tidal overwash, erosion, or other disturbance. Three days after the first observed hatchling emergence, marked nests were excavated to determine reproductive success. Nests exhibiting no signs of hatchling emergence were excavated after 70 days for loggerhead and green turtles, and 80 days for leatherback turtles. The numbers of hatched eggs, unhatched eggs, live and dead hatchlings, and live and dead embryos in pipped eggs were recorded. All live hatchlings were handled and released in accordance with Florida's Sea Turtle Conservation Guidelines (Florida Fish and Wildlife Conservation Commission, 2002) . Mean clutch size, hatching success (percent of eggs that hatched), and emerging success (percent of eggs producing hatchlings that emerged from the nest) were calculated for the marked nests that were not depredated, or otherwise destroyed.
Estimation of hatchlings lost to predation
We estimated the number of hatchlings lost to predation in 2002, and also as if past predation rates from previous landmark years had occurred in 2002 for the Refuge. The past predation rates of particular interest were: 2000, when predator control was first optimized by predator monitoring; 1999, as the only year of intensive contracted predator control without predator monitoring; 1998, as the last year when control was not contracted to professionals; the historical high predation rate of 95%.
The same historical information was not available for the Park.
We used the 2002 data on the number of nests for each turtle species, the average clutch size for each species, the emergence rate for each species from nests that were not destroyed by predators, the rates at which nests of each species were destroyed by means other than predation, and the predation rates on nests of each species from the above landmark years to predict the number of hatchlings that would have been lost had the above predation rate scenarios occurred in 2002. These calculations can be summarized as (Engeman et al., 2003) : species' nests under the j th predator removal condition, i = loggerhead, green, or leatherback turtle, j= predation rates for control regimens in place for 2002, 2000, 1999, 1998 , and for no predator removal (historical high predation).
Results
Tracking surface designs
The ability to detect a species is essential to indexing that species. At the Refuge a higher percentage of original dune line plots recorded raccoon tracks than did the strip extensions on four of the seven indexing occasions. On two indexing occasions the same percentage recorded tracks, and on only one indexing occasion did a higher proportion of strip extensions record raccoon tracks than the original plots. The trend for the dune line plots to more frequently have tracks was more pronounced at the Park, where the dune line plots had a higher frequency than the strip extensions for recording raccoon tracks on each of the seven monitoring occasions.
The armadillo results at the Refuge were the mirror image of the raccoon results. On four of seven indexing occasions the strip extensions had a higher proportion of plots recording armadillo tracks than the original plots. On the other three occasions the strip extensions and original plots had the same percentage of plots recording armadillo tracks. At the Park a higher proportion of the strip extensions recorded armadillo tracks on the same four indexing occasions as at the Refuge. On two occasions more original plots recorded armadillo tracks than strip extensions, and the two surfaces were tied once.
Index results
The addition of the strip extensions to the original plots greatly affected the value of the calculated index, except for raccoons at the Refuge (Table 1) . Even though the frequency of tracking by raccoons was higher on the dune line plots than on the strip extensions at the Park, the inclusion of strip extension data into the index calculations for the Park resulted in much higher index values than obtained strictly from the original dune line plots. Addition of the strip extensions to the original plots was uniformly beneficial for sensitivity at both properties when monitoring armadillos (Table 1) . Addition of the strip extensions reduced the number of zero index values from 3 to 1 for the Refuge, and from 2 to 1 for the Park. Therefore, we used the strip transect index incorporating the combined data from the dune line and strip extension tracking surfaces for all analyses of predator activity during 2002. However, to compare predator activity across the 2002 nesting season at the Refuge with the results reported from 2000 (Engeman et al., 2003) we used the original plot because this was the method used in 2000.
Predator activity and removal
The Park strip transect index values for raccoons were higher than for the Refuge on all but the final monitoring occasion (Table 1) . Armadillo activity was also higher at the Park than at the Refuge at five of the seven assessment periods (Table 1) . Both results probably reflect the greater terrestrial wildlife habitat available in the Park.
As in 2000 (Engeman et al., 2003) , raccoon activity at the Refuge was heaviest on the northern end of the refuge at the start of the nesting season. Correspondingly, raccoon activity was heavy early in the nesting season on the Park's south side (adjacent to the Refuge). Unlike 2000, beach reinvasion from the south of the Refuge was not indicated. The Park's northern end (the island's northern tip) received its heaviest activity later in the nesting season. Raccoon activity throughout both properties declined during June (Table 1) , probably because of initiation of removal efforts in mid May in response to the increased raccoon activity by that time. Ten raccoons and 2 armadillos were removed from the Refuge from mid May to June, and the same numbers were removed from Park. Nevertheless, raccoons were active on the beach throughout the nesting/incubation season ( Table 1) .
As in 2000 (Engeman et al., 2003) , armadillo activity showed its major increase at the Refuge after the initial increase in raccoon activity ( Table 2 ). The same was true at the Park. Armadillo activity appeared spatially associated with saw-palmetto Serenoa repens cover behind the dunes, allowing efficiently focused hunting. A total of 11 raccoons and seven armadillos were removed from the Refuge during turtle nesting, and 17 raccoons and eight armadillos at the Park.
Turtle nesting and predation rates
Nesting and predation at the Refuge followed trends observed in 2000 (Engeman et al., 2003) . Leatherback turtles nested earliest, but with few nests. Loggerhead turtles followed, nesting en masse from late May to early July. Green turtles nested slightly later, overlapping considerably with loggerhead turtles, with peak nest deposition from late June to late July (Table 2) .
Nest deposition in 2002 at the Refuge was 21% lower than during 2000, with 1,238 nests deposited, versus 1,568 in 2000. Monthly nest predation by each predator species at each property is given in Table 3 , and overall predation rates are included in Table 4 . The most striking reproductive parameter (Table 4) was that overall nest predation for raccoons and armadillos at the Refuge was only 9.4%, the lowest ever recorded. The previous low was 27.7%, reported in 2000 (Engeman et al., 2003) . No nests at the Refuge or the Park were predated within a day of deposition. Predated nests survived an average of 36 days prior to predation at the Refuge and 27 days at the Park. Thus, nests were predated after the elements had erased visual clues to their locations.
Unexpectedly, green turtle nests had much higher depredation rates (Fisher's exact test P = 0.0003 for the Refuge, P < 0.0001 for the Park) than either loggerhead or leatherback turtles on both properties (Table 4 ). Low predation rates for leatherback nests were not surprising, because they nest first of the three species, in deeper nests, in lower numbers, and before predators are conditioned to the presence of turtle nests on the beach (Tables 2 & 3) . Green turtle nests were much less common than loggerhead nests (Table 2) , buried deeper on average (76.1 vs 57.2 cm), and incubated for a slightly shorter time (55.0 vs 57.4 days). We therefore expected green turtle nest depredation to be less than for loggerhead turtles. Possibly predators are well conditioned to seeking turtle nests by the time green turtle eggs have been deposited. Nest predation was delayed at the Refuge until July and peaked in July at the Park (Table 3) , during the highest rate of green turtle nest deposition. The first-ever observation of bobcat Felis rufus as a primary turtle nest predator was made in 2001 (C. Crady, pers. obs.), and bobcat predation destroyed two more A, armadillo predation; R, raccoon predation; B, both armadillo and raccoon were in nest, but the species initiating predation could not be determined; C, combined predation nests in 2002. Bobcats were not considered for removal because few nests were taken and their presence was considered a deterrent to raccoons and armadillos.
Beach dimensions
The Refuge had approximately twice the beach area (9.01 ha) of the Park (4.86 ha), and averaged 233.6 turtle nests km −1 , and 137.4 nests ha −1 , versus 79.5 nests km −1 and 70.4 nests ha −1 at the Park. The Refuge beach width averaged 17.0 m, 50% wider than the Park portion at 11.3 m. Considering that predation on this beach did not occur when visual clues would lead predators to nests implies that nests requiring less search effort are more vulnerable to predation. The high tide line restricts nesting to a narrow band through much of the Park. This combined with more terrestrial predator habitat, and possibly more predators, probably increases the likelihood that a nest at the Park would be discovered and depredated, even though nest density was lower than at the Refuge.
Estimation of hatchling losses to nest predation
The predicted number of hatchlings lost to nest predation reinforces the improvements in 2002 over previous years (Table 5 ). The initial season (2000) at the Refuge of predator removal optimized by monitoring reduced nest predation to 27.7% from 41.6% the previous year, when intensive predator removal was applied without monitoring (Engeman et al., 2003) . Following 2 additional years of optimized predator removal, predation at the Refuge dropped to the lowest recorded level at 9.4%. For the 2002 nesting season this represents 16,756 more hatchlings than would have resulted from the predation rate in the initial year (2000) of optimized predator removal, 26,230 more hatchlings than the predation rate in the year (1999) of intensive control without predator monitoring, 32,793 more hatchlings than the last year (1998) predator removal was not contracted to professionals, and 69,004 more than the predation rate at historical highs. Similar comparisons were not feasible for the Park as the present data represent the first year where optimized predator removal was implemented in conjunction with the commencement of turtle nesting, and for which we have complete predator monitoring data and complete turtle nesting data.
Discussion
We have improved, but kept simple, a method for monitoring predators that is sensitive to both raccoons and armadillos. Integrating the method into predator management activities improved the protection of turtle nests from predation. Probably the most important outcome is the demonstration that predation at a beach historically suffering nearly complete losses of marine turtle nests can have nest predation reduced to nominal levels. The reduction in nest predation to 27.7% in 2000 was a landmark success for the Refuge. The further reduction to 9.4% in 2002 is a result not believed achievable (R. Noel, former Refuge Manager, & M. Stahl, current Refuge Manager, pers. comms.).
Nest predation usually begins at the Refuge in late April/early May (Ecological Associates, unpubl. data; Engeman et al., 2003) , with predator activity increasing sharply once turtles are nesting en masse. Predation escalates with continued predator movement to the beach, and as they improve their proficiency at nest location and excavation. However, in 2002, initiation of predator removal in mid May in response to increased predator activity delayed onset of predation until July, partially accounting for the overall low predation.
Turtle nest densities fluctuate annually, with 1,560 nests in 2000 well above average for the Refuge (Engeman et al., 2003) . Speculation that reducing 2000 nest depredation to <28% was because of the number of nests overwhelming the number of predators is refuted by the 2002 data, where predation on 21% fewer nests was reduced to 9.4%. Reduced predation on loggerhead nests at the Refuge to only 6.1% (Table 4) is particularly noteworthy because the refuge is in one of Florida's most important marine turtle nesting areas (Meylan et al., 1995) , and in the center of US loggerhead turtle nesting activity. Table 5 The predicted number of potential hatchlings lost to raccoon and armadillo predation at Hobe Sound National Wildlife Refuge, Florida assuming the observed predation rates on three species of sea turtle for 2002, 2000, 1999, 1998 and historical levels of predation (95%). Predation rates used in the calculations are given in parenthesis.
Year providing predation rates Loggerhead Green Leatherback Total
This study establishes the 2002 results as a baseline for future predator monitoring at the Park. Although the Park's beach segment is not as productive for turtle nesting as the Refuge, hundreds of nests are still deposited there. More predator habitat and greater predation rates makes predator monitoring at the Park valuable for discerning predator activity patterns to optimize their management.
Raccoons can achieve high densities in urban environments (Riley et al., 1998) , with the highest observed raccoon density occurring at a park within Fort Lauderdale, Florida . The urbanization of coastal Florida raises the possibility that urban raccoons unnaturally increase the levels of nest depredation on beaches adjacent to human development. The Refuge is located immediately to the north of the town of Jupiter Island, which holds a high density of raccoons (pers. obs.). For the 2000 nesting season Engeman et al. (2003) found evidence that after an initial predator removal effort, raccoons reinvaded the Refuge beach from the town. We did not find evidence of this behaviour, indicating that raccoon removal may have resulted in fewer urban juvenile raccoons trained to search for marine turtle nests.
The economics of integrating predator monitoring with predator removal was analysed for the 2000 nesting season by Engeman et al. (2002) and compared to other removal strategies. The success of conservation measures is usually evaluated on the basis of resource improvement, but an economic perspective allows managers to assess the rewards for budgetary expenditures on conservation issues. High benefit-cost ratios were obtained by reducing 2000 nest predation to 27.7%. The further reduction to <10% predation at similar costs provided even greater economic returns for management costs in 2002.
